Humans vary in their ability to smell numerous odors [1] [2] [3] , including those associated with food [4] [5] [6] . Odor sensitivity is heritable [7] [8] [9] [10] [11] , with examples linking genetic variation for sensitivity to specific odors typically located near olfactory receptor (OR) genes [12] [13] [14] [15] [16] . However, with thousands of aromas and few deorphaned ORs [17, 18] , there has been little progress toward linking variation at OR loci to odor sensitivity [19, 20] . We hypothesized that OR genes contain the variation that explains much of the differences in sensitivity for odors, paralleling the genetics of taste [21, 22] , which affect the flavor experience of foods [23] [24] [25] . We employed a genome-wide association approach for ten food-related odors and identified genetic associations to sensitivity for 2-heptanone (p = 5.1 3 10 28 ), isobutyraldehyde (p = 6.4 3 10 210 ), b-damascenone (p = 1.6 3 10 27 ), and b-ionone (p = 1.4 3 10 231 ). Each locus is located in/near distinct clusters of OR genes. These findings increase the number of olfactory sensitivity loci to nine and demonstrate the importance of OR-associated variation in sensory acuity for food-related odors. Analysis of genotype frequencies across human populations implies that variation in sensitivity for these odors is widespread. Furthermore, each participant possessed one of many possible combinations of sensitivities for these odors, supporting the notion that everyone experiences their own unique ''flavor world.''
Results and Discussion

Regions Associated with Variation in Olfactory Sensitivity
Estimates of individual orthonasal odor detection threshold concentrations were determined for 187 unrelated Caucasian participants aged 20-50 for 1,8-cineole (eucalyptus), 2-heptanone (blue cheese), hircinoic acid (mutton), cis-3-hexen-1-ol (grassy), dipropyl disulfide (onion), isobutyraldehyde (malt), isovaleric acid (cheese), vanillin (vanilla), b-damascenone (apple), and b-ionone (floral) (Figure 1 ). In addition to being important food flavors, seven of these compounds have previously been identified as showing variation in sensitivity [6, 15, 26] , and of these, cis-3-hexen-1-ol and isovaleric acid have genetic associations [13, 15] .
Participants were genotyped using Affymetrix SNP 6.0 microarrays. After genotype calling and filtering for high-quality variants, odor threshold concentrations were tested for association with genotypes at 619,656 loci. Association testing results for the odors matched the null distribution ( Figure S1 available online), except for isobutyraldehyde and b-ionone, which were consistent with strong genetic associations.
Major regions of association were identified for isobutyraldehyde and b-ionone using a standard genome-wide association study (GWA) cutoff of p < 5 3 10 28 , with a lower cutoff of p < 5 3 10 27 revealing regions of association for 2-heptanone and b-damascenone (Figures 2 and S2) . Restriction of the genome-wide plots to these four regions identified one major associated locus for each of the four odors: 2-heptanone (p = 5.1 3 10 28 , t = 25.76, n = 149), isobutyraldehyde (p = 6.4 3 10 210 , t = 6.62, n = 149), b-damascenone (p = 1.6 3 10 27 , t = 5.51, n = 146), and b-ionone (p = 1.4 3 10 231 , t = 214.75, n = 161) ( Figure 3 and Table S1 ). Each of the associated variants for the four odors explained a large proportion of the variation in sensitivity, ranging from 17.4% (b-damascenone) up to 57.8% (b-ionone) ( Table S1 ).
The genetic associations identified above were replicated for 2-heptanone (p = 1.7 3 10 23 , t = 3.22), isobutyraldehyde (p = 7.9 3 10 26 , t = 24.72), and b-ionone (p = 1.5 3 10 222 , t = 212.45) in further cohorts of 100-109 Southeast Asian individuals ( Figure S3 ). The association for b-damascenone was replicated in an independent Caucasian cohort of 89 individuals (p = 9.6 3 10 29 , t = 26.346; Figure S3D ), as Asian populations are underpowered to find this association (only 3.1% of Asians have the insensitive genotype for b-damascenone compared to 12.1% of Caucasians) [27] . All of the replication studies had sensitivity distributions with allelic effects that matched the orientation and distribution of the original associations. The replications in Southeast Asian cohorts demonstrate the effect of these genetic variants extend beyond Caucasian populations.
When we tested for normality, distributions of threshold concentrations for 1,8-cineole (p = 4. 26 ) displayed bimodal distributions of threshold concentrations ( Figure 1 ), as had previously been noted [4, 6] . These compounds also showed the strongest genetic association, suggesting that other odors that show bimodal distributions are also likely to represent simple Mendelian traits. While no associated regions could be identified for 1,8-cineole, even when the sample size was extended to 241 (data not shown), b-damascenone displayed a skewed distribution (p = 2.5 3 10 24 ) and an associated region was identified. Of the remaining odors with normal distributions, only 2-heptanone revealed a genetic association.
The genetic associations for isobutyraldehyde and b-ionone each had one prominent region of association in the genome that explained much of the variation in sensitivity for these compounds. As such, these traits appear to be classically Mendelian, with an individual's sensitivity falling into one of two sensitivity modes depending on genotype. For example, the C allele of rs13424612 dominantly confers sensitivity for isobutyraldehyde and the G allele of rs7943953 dominantly confers sensitivity for b-ionone. The G allele of rs2220004 more weakly, but still dominantly, confers sensitivity to b-damascenone. Unlike the others, the insensitive allele for 2-heptanone is dominant, perhaps indicating a more complex relationship between the associated SNP (rs9809531) and the causal variant.
The six odors not showing any discernable genetic associations included two previously reported with associations, cis-3-hexen-1-ol and isovaleric acid [13, 15] . These odors may lack a genetic basis for variability in odor detection, our ability to find known associations may be affected by the different ethnicities of the previous reports' cohorts, or the limited sample size may have compromised our ability to detect weaker and/ or polygenic associations. This study, along with most other studies investigating the genetics of odor sensitivity, used cohorts with at most hundreds of individuals and is powered to find associations for monogenic traits that have large effects on a high proportion of the population. Exceptions include twin and family studies [28] and two large-cohort studies [14, 16] , but these have reduced power from the inherent variability of measured threshold concentrations due to analysis of self-reported sensitivity or single observations. Furthermore, investigation of OR genetics is perhaps hindered by OR redundancy [17, 18] . Variants that compromise receptor affinity may not affect overall sensitivity, as other receptors may also respond with similar affinity and override receptor limiting variants.
The fact that 40% of the odors we tested showed monogenic associations with sensitivity may seem surprising. This proportion was biased upward by including isobutyraldehyde and b-ionone, which were expected to have strong genetic determinants of sensitivity due to their bimodal sensitivities [4, 6] , and cis-3-hexen-1-ol and isovaleric acid, for which associations have previously been reported [13, 15] . However, we had no prior expectations for b-damascenone and 2-heptanone, the other two odors that showed associations. Despite this, the number of odors with associations might still be considered high. With the size of the OR subgenome and the broad tuning of receptors, a high level of redundancy might be expected, as discussed above. While this may be the case for the odors for which we could not identify strong genetic associations, the four associations identified here infer that for many odors a single receptor may encode a majority of the sensitivity to the compound. 
Odor Sensitivity Variants Lie in OR Clusters
Each of the four best associated SNPs was located in a group of associated variants within, or in close proximity to, a cluster of OR genes ( Figure 3 and Table S2). The region of association for 2-heptanone sensitivity on chromosome 3 (peak variant rs9809531, p = 5.1 3 10 28 ) lies within a cluster of 18 ORs, seven of which are predicted to be pseudogenes. The region associated with the ability to detect isobutyraldehyde (peak variant rs13424612, p = 6.4 3 10 210 ) on chromosome 2 is adjacent to a small cluster of four OR genes, two of which are predicted to be pseudogenes. For b-damascenone sensitivity, the associated cluster of OR genes on chromosome 11 (peak variant rs2220004, p = 1.6 3 10 27 ) is extremely large, containing 98 OR genes, 60 of which are predicted to be pseudogenes. For b-ionone sensitivity, the region of association on chromosome 11 (peak variant rs7943953, p = 1.4 3 10 231 ) contains a cluster of 12 genes, five of which are predicted to be pseudogenes.
In all four cases, the regions of association were in clusters of OR genes, as has been observed previously for other odors [12] [13] [14] [15] [16] . The strong relationship between odor sensory acuity and OR-linked genotypes is consistent not only with the central role of these genes in odor recognition, but also their unusually Table S1 , and Table S2. high rates of observed genetic variation [29] . As most variants for odor sensitivity lie near OR genes, future sensory genetic analyses could employ targeted investigation of olfactory and taste receptor genes, as has been used for investigating copy number variation within OR genes [30] . In the only known exception, a GWA for sensitivity to androstenone did not identify variation in any OR gene [28] , despite androstenone sensitivity previously being linked to variation in OR7D4 [12] . Further analysis of OR genes within clusters using both recombinant expression and genetics can identify the genes and the variants within them responsible for differences in olfactory sensitivity [12, 31, 32] .
Population Genetics of Olfactory Sensitivity
By classifying individuals into sensitivity categories (sensitive or insensitive) based on their genotype, it can be inferred how variation in odor acuity is distributed within human populations using publically available genotype data [27] . The biggest difference in sensitivity frequency between two populations was for rs7943953 (b-ionone), which differed from 0.164 to 0.643 in the ASW and IBS populations, respectively. Both sensitivity categories were common (minor frequency > 0.05) for each of the associated variants in at least one population (minor frequency = 0.119 -0.438), varying both within and among human populations (Figure 4) . Consistent with this, no population structuring was observed for the four associated loci, with individuals just as likely to differ in sensitivity within a population as between (F IS = 20.0464 -0.136, F ST = 20.0132 -0.214, Table S6 ). This implies that populations do not systematically differ with respect to odor acuity and therefore that the genetics underpinning odor sensitivity is unlikely to be a major factor in explaining ethnic differences in food consumption [25] .
The major locus for each odor lay in distinct genome regions with respect to the other associated loci, none of the variants were in linkage disequilibrium for all possible pairs (Table S3) , and the clusters of associated ORs were unrelated to each other ( Figure S4 ). However, to exclude the possibility that we identified associations for four odors with related sensitivities or for loci that are somehow related, we examined the relationship of threshold concentrations between pairs of odors and to the associated variants. Odor threshold concentrations were independent of other odors (r 2 range = 4 3 10 28 to 0.269, mean = 0.059; Table S4 ). The best-associated variants for the four odors were not strongly associated with any of the Tables S3-S6. other tested odors (Table S5) . Furthermore, the genetic associations were not substantially influenced by general sensitivity to odors, determined as the mean normalized rank across the ten odors (Table S5 ). These analyses argue that sensitivity for each of the four odors acts independently. There are 16 possible odor sensitivity combinations from the sensitivity categories for the four associated odors. Most of these combinations (11/16) are present in our cohort at frequencies not significantly different from expectations for independence (p = 0.929, n = 175). Across human populations, these combinations also segregate at frequencies not significantly different from expectations (Table S6 ), implying that these traits segregate independently within human populations. These data, linking sensory acuity for multiple odors to OR genotypes within a single cohort, demonstrate that the variation within OR genes produces combinations of odor sensitivity as predicted previously [33] . With clusters of ORs on all chromosomes except chromosomes 20 and Y, the number of independent possible combinations is large, with each combination conferring a distinct set of odor sensitivities. If all these combinations of odor sensitivities translate into distinct flavor experiences [32] [33] [34] , everyone has a highly personalized experience for any given food based on the genotype of their OR subgenome.
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